Worldwide, cardiac surgery is a common procedure requiring a large quantity of allogeneic blood products, which are associated with postoperative complications. Leukocytes present in blood products may play a role in these complications, which are referred to as transfusion-related immunomodulation (TRIM). Several randomized controlled trials (RCTs) in different settings investigated the effects of allogeneic leukocytes in red blood cells (RBCs). Cardiac surgery studies reported a reduction in postoperative infections and mortality in patients that received leukocyte-reduced RBCs compared with leukocyte-containing RBCs; this was mainly due to more deaths due to infections and multiple organ dysfunction syndrome (MODS) in the group that received leukocyte-containing RBCs. Patients with postoperative complications had higher concentrations of inflammatory mediators. These findings suggest that leukocytecontaining transfusion during cardiac surgery induces a second insult to the systemic inflammatory response. In the present review we discuss the possible role of blood transfusions in cardiac surgery. Especially, we focus on the possible role of allogeneic leukocytes associated with postoperative complications after cardiac surgery. (Turk J Hematol 2011; 28: 160-9) Key words: Blood transfusions, transfusion-related immunomodulation, leukodepletion, infections, mortality, cardiac surgery (Turk J Hematol 2011; 28: 160-9) Anahtar kelimeler: Kan transfüzyonları, transfüzyon ile ilişkili immünomodülasyon, lökodeplesyon, enfeksiyonlar, mortalite, kardiyak cerrahisi
Introduction
Allogeneic blood transfusions are administered to control acute bleeding and to treat severe anemia. Regarding transmission of infections in wellsourced countries, blood transfusion is safer than ever, although blood transfusion will be a never zero-risk procedure [1] . Coronary artery bypass graft (CABG) surgery is frequently performed for revascularization of the myocardium. Worldwide, approximately 1,000,000 patients undergo cardiac surgery annually. Currently, the number of elderly patients, including those with co-morbidity, that undergo surgery is increasing. Due to bleeding, hemodilution, and consumption of coagulation factors and platelets in the extracorporeal circuit patients undergoing cardiac surgery receive a large quantity of blood components. With the advent of blood-sparing procedures the need for blood transfusions has been reduced; however, cardiac surgery still consumes a large proportion of all red blood cell (RBC) transfusions, estimated to be approximately 20% of the total blood supply [2] . The transfusion rate for CABG varies greatly between hospitals, with a mean number of transfused units ranging from 0.4 to 6.3 units patient -1 [3, 4] .
The clinical effects of blood transfusion in cardiac surgery remains contentious. In the last decade clinical studies have focused on the indications for transfusion, storage of blood products, and leukocytes in blood products in an effort to improve the safety of blood transfusion. The present review concentrates on the effects of blood transfusion in patients undergoing cardiac surgery.
The Effects of the Indications for RBC Transfusion
For decade's a hemoglobin (Hb) level of 10 g/dL (6.2 mmol/L) was considered an appropriate indication for RBC transfusion [5] . A randomized controlled trial (RCT) performed in the 1990s challenged the classical RBC transfusion policy [6] , resulting in a tendency for a lower Hb level as an indication [7] . In this large-scale RCT that included 838 patients in an intensive care unit (ICU), the patients were either transfused to maintain an Hb value 7-9 g/dL (restrictive) or >10 g/dL (liberal). Patients assigned to the restrictive indication group received a mean 2.6 units of RBCs, compared to a mean 5.6 [6] .
A recent cardiac surgery RCT that included 502 patients reported that a more restrictive RBC strategy based on a hematocrit of 24% is as safe as a liberal RBC strategy based on a hematocrit of 30%; 30-d mortality and morbidity were approximately 10% in both groups [8] . Since the implementation of universal leukodepletion of RBCs in several countries, 2 observational studies reported that allogeneic blood transfusion was not associated with high mortality rates, but instead, highHb concentrations and receipt of blood transfusions were associated with lowmortality rates [9, 10] ; however, this finding has yet to be confirmed by RCTs.
The Effects of RBC Storage
During storage RBCs undergo a number of structural and functional alterations, referred to as storage lesions. Changes in shape, rigidity, depletion of 2,3-diphosphoglycerate (2,3 DPG), and nitric oxide scavenging are presumed to result in impaired perfusion and oxygen delivery [11, 12] . The clinical effects have only been evaluated in observational studies in different clinical settings, and the results were inconclusive. Several retrospective cardiac surgery studies investigated RBC storage duration [13] [14] [15] [16] [17] , but the findings were inconsistent. A recent cardiac surgery observational study investigated the effects of peri-operative transfusion of RBCs stored <14 d or >14 d [18] . The study reported that the 1-year mortality rate was higher in patients that received RBCs stored >14 d; however, the association between storage duration and mortality was based only on unadjusted analysis. Identifying confounders were not adjusted for RBC storage duration, which led to several letters in response [19] . Because different blood products and storage durations were used, meta-analysis could not be used to formulate a reliable consensus on the possible association between RBC storage duration, and morbidity and mortality [20] . As such, results from prospective studies are needed.
Allogeneic Leukocytes in RBC Products
Allogeneic RBC transfusion has profound effects on the recipient's immune system. This immunomodulatory effect of blood transfusion, presumed to Bilgin et Hematol 2011; 28: 160-9 be due to allogeneic leukocytes, was first recognized in the 1970s in kidney allograft patients in whom pre-transplant blood transfusion improved allograft survival [21] . In the 1980s it was suggested that such immune suppression could cause cancer recurrence and postoperative infections [22] . These possible adverse effects of blood transfusion are referred to as transfusion-related immunomodulation (TRIM) and the mechanisms of TRIM are not fully understood. Many clinical and laboratory studies investigated the possible immunomodulatory effects and mechanisms of TRIM, and several factors have been suggested to play a role. The most commonly suspected factors are allogeneic mononuclear cells, soluble biological response modifiers circulating in plasma, and leukocyte-derived mediators. Allogeneic leukocytes or soluble factors released by leukocytes during storage have been extensively studied in recent years [23] . Because allogeneic leukocytes are the most important factor thought to be responsible for the clinical effects of TRIM, RCTs investigating their role are indispensable. In an effort to investigate the clinical effects of TRIM several studies compared leukocyte-containing and leukodepleted blood products in different clinical settings. Two RCTs compared the effects of buffy coatpoor RBC and filtered RBC on cancer recurrence following colorectal surgery performed with curative intent. Both studies evaluated long-term outcome after 5 and 7 years of follow-up and did not observe a difference in colorectal cancer recurrence [24] [25] [26] . Several RTCs investigated the effect of leukocyte-containing blood transfusion on postoperative infections, primarily in colorectal surgery.
Before the 2000s only selected patients received leukodepleted transfusions for the prevention of HLA alloimmunization, cytomegalovirus (CMV) transmission (or reactivation), and febrile nonhemolytic transfusion reactions (FNHTR) due to cytokines or leukocyte antibodies present in the patient. Since 2002, all patients in the Netherlands that require transfusion receive leukodepleted blood transfusions. In the last decennium last years more countries in the Western World implemented universal leukodepletion for RBCs. Countries that have not yet converted to universal leukodepletion that seek a new policy should base their decision on the available RTC data.
The Clinical Effects of Allogeneic Leukocytes in Cardiac Surgery
On average, more patients receive allogeneic blood transfusions during cardiac surgery than in other clinical settings. Several observational studies on cardiac surgery reported that perioperative administration of blood products is dose-dependently associated with increases in the incidence of postoperative infections and mortality [27] . Observational studies observed that RBC transfusion was the most consistent factor associated with mortality and morbidity [28, 29] ; however, these were retrospective studies and therefore provide no proof of the causal effect of allogeneic RBC transfusion on postoperative morbidity and mortality after cardiac surgery, in which many factors influence outcome; to date, this association is not fully understand. Compared to other unexpected adverse transfusion effects, the clinical effects of leukocyte-mediated TRIM on mortality following cardiac surgery are more well-known [30] ; therefore, the role of TRIM in cardiac surgery requires further study in order to increase our understanding of the effects of allogeneic leukocytes on postoperative complications and outcome. As allogeneic leukocytes are the most important factor associated with the clinical effects of TRIM, RCTs investigating their role followed.
Four cardiac surgery RCTs have been published [31] [32] [33] [34] and 2 other cardiac surgery studies are available only as abstracts and contain limited data [35, 36] . The primary methods and results are shown in the Table 1 . Two of these trials randomized patients to receive 3 different blood products. One of the studies compared buffy coat-depleted (BCD)-RBCs and 2 different filtered RBCs fresh filtered RBCs before storage (FF-RBCs) or stored filtered RBCs (SF-RBCs) [31] . All products had a similar shelf life of about 13 d. The 60-d mortality rate was 7.8% in the group that received BCD-RBCs, as compared to 3.6% and 3.3% in those that received FF-RBC and SF-RBC products, respectively (p=0.015). This suggests that soluble mediators still present in the SF-RBC products did not cause more adverse effects than FF-RBCs that lacked leukocyte-derived soluble factors. Subgroup analysis showed that the mortality rate was only higher in the patients that received >3 RBC units in the BCD-RBC group than in the filtered RBC group. Wallis et al. [32] conducted a study using 3 types of blood products: filtered whole blood (stored <7 d before filtration), BCD-RBC, and plasma-reduced RBCs. Postoperative mortality at 3 months was 0.5%, 2.9%, and 2.5%, respectively (p=0.2), indicating no additional deleterious effect of the greater number of leukocytes in plasmareduced RBCs, as compared to BCD-RBCs [32] . van de Watering et al. [31] observed that mortality due to multiple-organ-dysfunction-syndrome (MODS) was the major cause of excess death following standard BCD-RBC transfusion. Bilgin et al. studied complex cardiac valve surgery, which has a high probability of multiple RBC transfusions and a high risk for postoperative complications. The aim was to examine the relationship between leukocyte-containing transfusion, and MODS and mortality [33] . The primary endpoint 90-d mortality was (not significantly) reduced by approximately 33% in the patient group that received leukocyte-depleted RBCs, as compared to the group that received BCD-RBCs (12.7% versus 8.4%, p=0.16). Hospital mortality in the leukocyte-depleted RBC group was almost 50% less than that in the BCD-RBC group (5.5% versus 10.1%, p=0.05). Surprisingly, in this study the incidence of MODS (20%) was similar in the groups that received standard BCD-RBCs and pre-storage filtered RBC; however, MODS-related death occurred more often in patients that received BCD-RBCs. Subgroup analysis showed that among the patients that received BCD-RBCs, only those that received >3 units had a higher mortality rate (17.6% versus 8.3%, p=0.02). A small-scale study that included 69 low-risk CABG patients compared bedside-filtered RBCs (containing soluble leukocyte-produced factors) and the same unfiltered RBC product [34] . There was no difference in mortality between both randomized arms. This study was stopped prematurely because interim analysis showed that there were fewer respiratory tract infections in the filtered group (p=0.048), although the total infection rate did not differ (p=0.22). When the results of cardiac surgery RCTs were meta-analyzed, the mortality rate increased to 72% in patients that received leukocyte-containing RBCs (OR: 1.72; 95% CI: 1.05-2.81, p=0.01) [37] ; the difference between leukocytecontaining and filtered group was primarily due to the results of the 2 studies from the Netherlands [31, 33] . It should be noted that these large studies were comparable and were conducted with patients associated with a high risk for postoperative complications and multiple RBC transfusions. As not all studies have been published in full (some are only available as an abstract), at present, data are l imited. Moreover, some (undocumented) differences in the use and preparation of blood products and in endpoints between studies may be why the findings vary.
It was reported that the number of units transfused not the soluble mediators leukocytes release during storage [31] or the leukocyte load per transfusion [32] is associated with poor outcome [31, 33] , suggesting that patients in poor clinical condition that undergo cardiac surgery and require multiple RBC transfusions are more susceptible to TRIM than other patients. We analyzed in detail the causes of death in 2 cardiac surgery RCTs [31, 33] and observed that the rate of excessive death due to a combination of infection and MODS among the patients that received standard buffy coat-poor RBCs was higher than that among the patients that received leukodepleted FF-RBCs (OR 2.92; 95% CI 1.22-6.97; p=0.02). Short-term mortality (60 d) due to infections alone and from MODS alone, or due to bleeding or surgical complications was equal in both transfusion arms [38] . Although in cardiac surgery patient longterm survival is negatively affected by allogeneic blood transfusions, as compared to non-transfused patients [39] , the long-term effects of allogeneic leukocytes in RBCs after cardiac surgery are not known and require further study.
In total, 13 RCTs on leukodepleted blood transfusions in different clinical settings evaluated postoperative infections as a primary or secondary endpoint [31] [32] [33] [34] [35] [36] [40] [41] [42] [43] [44] [45] [46] . These studies included singleand multicenter designs, clinical diagnosis, methods for documenting and reporting infections, and the proportion of transfused patients (range: 14%-95%). Among them, 5 included patients undergoing colorectal or gastrointestinal surgery [40] [41] [42] [43] [44] , 1 was performed with patients undergoing aortic aneurysm repair or resection of gastrointestinal malignancy [45] , and 1 included trauma patients [46] . The postoperative infection results in these RCTs, which were conducted with different patient populations using different study designs, are inconsistent. Based on intention-to-treat analysis, Vamvakas concluded that there wasn't an association between leukocyte-containing transfusions and the incidence of postoperative infection [37] . Blumberg et al. analyzed subgroups of transfused patients only, excluding 36% of the patients, and concluded that there was a significant and clinically relevant 48% reduction in the postoperative infection rate following transfusion of leukocyte-depleted RBCs [47] . Due to the heterogeneity of the study designs and the types of blood products used in these RCTs, an overall consensus could not be made, not even based on meta-analysis of the studies. Postoperative infection was examined in 6 cardiac surgery RCTs and the Bilgin et 28: 160-9 results were inconsistent [31] [32] [33] [34] [35] [36] . Two RCTs reported a transfusion dose-dependent beneficial effect of leukocyte-depleted RBCs [31, 33] , 3 reported no benefit from leukocyte-depleted RBCs [32, 35, 36] , and 1 RCT showed only benefit from leukocyte-depleted RBCs in the incidence of pneumonia [34] . The characteristics and main results of these cardiac surgery RCTs are shown in the Table 1 . How postoperative infections was defined in the studies published only as abstracts is not mentioned; this was not different in the studies that were fully published.
Analyses on the cost-effectiveness of leukodepletion are scarce and are mainly based on observational data. The available data show that there is a benefit in selected patient populations. Leukodepletion of whole blood was associated with lower hospital costs than leukocyte-containing blood transfusions in colorectal surgery [48] and that leukodepletion of platelets was beneficial in the treatment of acute myeloid leukemia and lymphoma [49] . The costeffectiveness of cardiac surgery was analyzed based on data derived from 2 studies performed in the Netherlands [31, 33] . The results showed that RBC leukodepletion was cost effective. The benefit of leukodepletion of RBCs was between $220-$310 US per life-year gained in CABG patients [50] and $214 US per cardiac valve surgery patient, on average [51] .
Because most West European countries have implemented universal leukodepletion, new RCTs from these countries are not expected. As such, observational studies were performed to compare the incidence of complications before and after this implementation. One large multicenter study that included critically ill patients (including cardiac surgery patients) reported a reduction in hospital mortality and a decrease in the occurrence of fever and use of antibiotics after implementation of universal leukodepletion [52] . Despite the large number of studies, leukocyte-containing RBCs remains controversial.
During cardiac surgery RBCs are not the only transfused blood product used. A substantial proportion of patients also receive plasma and platelet transfusions. Plasma transfusions can contribute to adverse outcome by causing transfusion-related acute lung injury (TRALI), a serious life-threatening and underreported complication of allogeneic blood transfusions. The pathophysiology of TRALI is not fully understood; all plasma-containing blood products could be involved in the development of TRALI [53] . It has been suggested that platelet transfusions in cardiac surgery might be associated with postoperative complications. Whether or not platelet and plasma transfusions contribute to such postoperative complications, or are just a surrogate marker for the need for a higher number of RBC transfusions Bilgin et [54] . Other studies that focused on plasma transfusions reported inconsistent findings [55, 56] . Moreover, some studies reported that platelet transfusions in cardiac surgery were not independently associated with mortality [57, 58] , while two studies found an association between platelet transfusions and mortality [59, 60] . The role of plasma and platelet transfusions in cardiac surgery complications requires further investigation.
Laboratory Effects of Allogeneic Leukocytes in Cardiac Surgery
Pro-and anti-inflammatory mediators are released during and after cardiac surgery. Cytokine concentration imbalance can play a pivotal role in a balanced equilibrium after cardiac surgery. Cytokines are low molecular weight polypeptides produced by many cells, such as macrophages, monocytes, neutrophils, and platelets. They are divided into 2 groups: pro-inflammatory cytokines, such as interleukin-1 (IL-1), IL-2, IL-8, and IL-12, and anti-inflammatory cytokines, such as IL-4, IL-5, and IL-10. IL-6, on the other hand, has both pro-and anti-inflammatory properties [61, 62] . In the early postoperative period an anti-inflammatory response is important for further limiting the post-surgical inflammatory response. Few studies have investigated the possible mechanisms of allogeneic leukocyte-containing blood products in cytokine balance. One study that included 24 burn trauma patients reported a decrease in IL-6 in patients that received leukocytecontaining RBC transfusions [63] . A larger cardiac surgery study noted an association between perioperative allogeneic RBC transfusions and postoperative increase in the concentration of bactericidal permeability increasing protein (BPI), an inflammatory mediator and marker of neutrophil activation, and IL-6 [64] . Nevertheless, none of these studies investigated the relationships between blood products, inflammatory mediators, and outcome.
Bilgin et al. reported that among the patients that developed infections or MODS, or died due to these complications, those that received leukocyte-containing RBCs had higher pro-inflammatory cytokine concentrations and those that received leukocytedepleted RBCs had lower concentrations of antiinflammatory cytokine IL-10 [65] . Patients in both arms of the study had low concentrations of IL-10 upon arrival to the ICU. The IL-6 concentration peaked higher and later in the group that received leukocyte-containing RBCs than in the group that received leukocyte-depleted RBCs. These findings indicate that leukocyte-containing blood transfusions amplify the inflammatory response, in addition to an ongoing systemic inflammatory response induced by cardiac surgery. This may lead to a more profound counteractive anti-inflammatory response and may explain increased susceptibility to postoperative infections.
Inflammatory Response and Allogeneic Leukocytes in Cardiac Surgery
During cardiac surgery blood is exposed to the extra-corporeal circuit, hypothermia, and ischemia/ reperfusion injury, and many inflammatory responses are activated. These responses lead to post-perfusion systemic inflammatory response syndrome (SIRS). SIRS is immediately counteracted by compensatory anti-inflammatory response syndrome (CARS) [66] . Severe SIRS causes a dormant state of cell metabolism, referred to as MODS; SIRS usually resolves with adequate supportive therapy and most patients recover. Nonetheless, severe SIRS can dominate CARS and progress to MODS, which may lead to mortality. Previous findings indicate that leukocyte-containing blood transfusions amplify inflammatory response in addition to the ongoing systemic inflammatory response induced by cardiac surgery. This may lead to a more profound counteractive anti-inflammatory response, and may explain increased susceptibility to postoperative infections. We think that leukocyte-containing RBC transfusions in patients with an activated inflammatory response further imbalances the postoperative SIRS-CARS equilibrium that is initially in favor of SIRS [67] .
New Opportunities for Future Cardiac Surgery Research
Patients undergoing cardiac surgery are at risk for bleeding because of thrombocytopenia secondary to hemodilution, platelet dysfunction, and consumption of platelets in the extracorporeal circuit. To reduce the risk of bleeding several pharmacological agents are used during and after surgery [68] . On the other hand, to prevent thrombosis anticoagulants are administered intra-operatively, although this cannot completely prevent thrombin formation [69] . There is evidence that the inflammatory response and pro-inflammatory cytokines can lead to activation of the coagulation system and down-regulate anticoagulant systems [70] . Activation of coagulation factors can in turn activate inflammation, which may contribute to the development of infections and microvascular thrombi [71] . Both thrombi and infection play a role in the development of MODS and may lead to death [72] . It was recently reported that leukocyte-containing RBCs contain activated platelets that interact with leukocytes, preceding leukocyte apoptosis and death, subsequently producing microparticles with procoagulant activity [73] . It was recently suggested that transfusion of blood products could affect the development of thrombosis in high-risk patients [74, 75] . The relationship between transfusion and thrombosis requires further detailed investigation.
Any allogeneic RBC transfusion during an already existing inflammatory cascade can be inappropriately timed and can induce a second-hit response. The presence of leukocytes in blood products increases the production and release of proinflammatory cytokines in the recipient, which can cause SIRS via both activation of the coagulation system 
Conclusion
Worldwide, millions of patients receive blood transfusions. Allogeneic leukocyte-containing RBC transfusions may have immunomodulatory effects that are presumed harmful to recurrence of cancer and to resistance of postoperative infection. This concept informed RTCs on various clinical conditions in different fields of medicine; however, important questions remain as to the nature and magnitude of the clinical benefits and complications ascribed to TRIM, its mechanism, and the putative causal factors in allogeneic blood components. Only RCTs on cardiac surgery reported a beneficial (costsaving) effect of leukodepleted RBC transfusion. Conducting new RCTs on the effects of leukocytecontaining RBCs in countries that implemented universal leukoreduction of blood products is not possible. Based on available data, in countries that have not yet implemented universal leukoreduction the transfusion of leukodepleted RBCs is recommended for cardiac surgery [23] . Or, if possible, new RCTs should be performed in these countries, which could help answer the many remaining questions.
